Abstract Density functional modeling is used to show that germanium oxidation occurs by the diffusion of network oxygens across the film as peroxyl bridges, not by molecular O 2 interstitials (O 2 *). The smaller O bond angle of GeO 2 leads to lower order rings in the amorphous GeO 2 network than in SiO 2 . This leads to narrower interstitial diffusion channels, and less dilation of the interstitial volume around the transition state. This raises the migration barrier of O 2 * in GeO 2 , so that the overall diffusion energy of O 2 * in GeO 2 is now higher than that of a network O interstitial. The low formation energy of the O vacancy in GeO 2 leads to GeO 2 being O-poor very near the Ge/GeO 2 interface, but the lower overall diffusion energy of the O network interstitial than the vacancy leads to the network interstitial dominating diffusion.
There are three possible transport paths for the oxidation of Si or Ge, see Fig 1(b) ; diffusion of molecular O 2 interstitials along channels in the oxide, diffusion of interstitial network oxygens, or diffusion of oxygen vacancies across the oxide network. The immobility of the cation in SiO 2 and GeO 2 was confirmed by isotope tracer studies [10, 12] . The mechanism for the oxidation is as follows. If Si or Ge is pre-oxidized in 16 O and then further oxidized in 18 O, if molecular O 2 transport dominates, then an 18 O peak will be found at the Si/SiO 2 interface, as indeed occurs for Si [8, 9] . If oxidation occurs by transport of O lattice interstitials or vacancies, there is 18 O exchange with the network, and a broad peak of 18 O will be found across the oxide layer, as is seen for GeO 2 by Xu et al [20] and da Silva et al [21] .
Here, we use density-functional supercell calculations to find out which species control the oxidation mechanism in a-GeO 2 by calculating the defect formation energies and the migration energies. The overall diffusion energy is then the sum of these two energies. The calculations are carried out using the CASTEP plane-wave density-functional code [22] and ultra-soft pseudopotentials. The plane-wave cut-off energy is 500 eV. Energies are relaxed until residual forces are below 10 -5 eV/Ǻ. Some 144 atom and 216 atom GeO 2 network models were made by molecular dynamics, equilibrating at 3000K for 10 ps, then quenching in 10 ps, followed by an energy minimization. Similar a-SiO 2 networks were created with the same procedure. In addition, supercells of quartz-like SiO 2 and GeO 2 are used. The defect formation energy is the energy cost to form the defect, with the O atom going to form an O 2 molecule outside the SiO 2 . The migration energy is the energy barrier of the transition state over which the defect atoms must pass to get to its next site. The total diffusion energy is the sum of these two energies. The migration energies for network defects are derived by the nudged elastic band method [23] .
Of the three possible diffusing species (Fig. 1b) , let us first consider the competition between the O 2 molecular interstitial O 2 * and the O lattice interstitial O i . The defect formation energies of O i and the oxygen vacancy Vo are relatively independent of network, as they depend on the forming or breaking of specific covalent bonds. In contrast, the formation energy of the O 2 * arises from the closed-shell repulsions of the O 2 molecule and the surrounding oxide network, and thus it depends on the size of the network interstice. The O 2 * molecule is surrounded by lattice oxygens. In quartz SiO 2 of density 2.66 gm/cm 3 , there is one main interstice configuration, and the defect formation energy at this site is ~2.04 eV, Fig 2(a) , similar to found by Bongiorno [6] but larger than in Hamann [24] .
A-SiO 2 (silica) is less dense than quartz at 2.25 gm/cm 3 and it contains a range of interstices and channels mostly of larger size [25, 26] dependence. The interstice volume is calculated from the distance between the O 2 bond center to the six nearest network O sites, averaged, and then approximated as a sphere. A similar calculation is carried out for quartz-like GeO 2 and for a-GeO 2 random networks whose density is 3.55 gm/cm 3 [27] . Fig 2(a) shows that the O 2 * defect formation energy follows the same line as in SiO 2 , confirming that the energy depends mainly on O-O repulsions in both cases.
We studied many interstices in a-SiO 2 and a-GeO 2 in both their initial unrelaxed and relaxed state (ie before and after the O 2 molecule is added) . Fig 2(b) shows the relaxation ratio (relaxed volume/unrelaxed volume) vs. interstitial volume for each oxide. A major difference between aSiO 2 and a-GeO 2 is that a-SiO 2 has a longer tail of large interstitial volumes. This arises from the larger O bond angle and different network topology of silica giving more low-order rings. This allows a greater interstice relaxation for the SiO 2 case. , and slightly larger for the SiO 2 case. Thus from Fig 2(c) , the O 2 * defect formation energy is slightly lower in a-SiO 2 , but not by much. But it is notably smaller in a-SiO 2 than in quartz.
The O 2 or O diffusion energy is the sum of the defect formation energy and the migration (barrier) energy. For the O 2 * in an interstice site in quartz, there are two diffusion paths, along the O z channel or along the O x,y channels with quite different diffusion barriers. In silica or a-GeO 2 , there are a range of diffusion paths. As in Biongorno and Pasquarello [6, 7] , there are roughly six adjacent interstitial sites around each O 2 * site for it to hop to. Thus, diffusion can be simplified to a percolation problem on a simple cubic mesh, for which the percolation threshold is 0.55 as previously used [6] . Thus, the overall diffusion energy is the energy at 55% of its cumulative distribution, as in Fig 2(d) .
This leads to the O 2 * migration energy being larger in a-GeO 2 than in a-SiO 2 , see Table 1 . This is because the migration channels between interstices can dilate more in a-SiO 2 during the passage of O 2 * giving it a lower migration barrier, Fig 3(a,b) . This gives a total diffusion energy of ~1.4 eV for a-SiO 2 and ~2.0 eV for a-GeO 2 for O 2 * as in Table 1 . The key difference for aGeO 2 is its smaller O bond angle, which raises its O 2 * migration barrier, due to its reduced channel relaxation. (We also note the greater interstitial volume in silica than quartz because of its lower mass density, which increases the O 2 * diffusion rate by five orders magnitude at 600 0 C [26] .)
We now consider the neutral O lattice interstitial O i or 'peroxyl bridge'. Its configuration is shown in Fig 3(c) . The oxygen bond angles are typically 100-110 0 . We see in Table 1 that the formation energy of O i changes from 2.0 eV in quartz to 1.4 eV in a-SiO 2 to ~0.4 eV in a-GeO 2 , for O-rich chemical potentials. In a-GeO 2 , the defect formation energy has a distribution. It depends somewhat on the Ge-Ge separation of the initial Ge-O-Ge unit, as this determines the two bond angles at the oxygens. The O i migrates from one SiOSi or GeOGe bridge to an adjacent bridge site via a 5-fold coordinated Si or Ge transition state in both oxides, as shown in Fig 3(c) . A similar transition state was seen by Hamann [24] .
The overall effect is that the lowest energy diffusion path for oxygen in silica is the O 2 * route because of its open channels, whereas the lowest path in a-GeO 2 is by the network interstitial O i . Thus, O diffuses by the O 2 * route in a-SiO 2 , giving an experimental activation of oxidation of 1.23 eV similar to the O 2 * diffusion energy 1.4 eV, while in a-GeO 2 the O 2 * diffusion energy is increased, and the process shifts to the O i path which has an diffusion energy of ~1.8 eV.
These values are compared to experiment in Table 1 (in bold). The O 2* diffusion energy of 1.4 eV in a-SiO 2 is consistent with the experimental activation energy of 1.23 eV for Si oxidation in Fig 1(a) , and the O i diffusion energy of 1.79 eV for a-GeO 2 is consistent with the experimental activation energy of 2.0 eV for Ge oxidation.
We finally consider competition between V O and O interstitials. The O vacancy is a very costly defect in SiO 2 , so this is not involved in Si oxidation (except in any reactive layer next to the interface [28] ). On the other hand, the O vacancy is thought to be important in a-GeO 2 , and has been considered to be a key diffusing species [9, 16] . This is because the O vacancy has a low cost in GeO 2 in the O-poor condition, as occurs at the Ge/GeO 2 interface. However, the O-rich condition dominates across most of the film under oxidation conditions.
To understand the relevance of the interstitials and vacancies for diffusion in detail, we note that defect formation energies depend on the oxygen chemical potential, μ(O). μ(O) varies from μ(O) = 0 eV at atmospheric pressure at the film's surface to μ(O) = -4.85 eV at the Si/SiO 2 interface, where -4.85 eV is the bulk heat of formation of SiO 2 per O atom. Or, in GeO 2 , μ(O) varies from 0 eV at the external surface to μ(O) = -3.02 eV at the Ge/GeO 2 interface, where -3.02 eV is the bulk heat of formation of GeO 2 per O. The defect formation energy E form at an arbitrary O chemical potential μ 1 is given by E form (μ 1 ) = E form (μ 0 ) + n.μ 1 (1) where E form (μ 0 ) is E form (μ 0 ) at μ(O) = 0 eV, and n = +1 for vacancies and n = -1 for interstitials.
At the SiO 2 surface where μ(O)=0 eV, O i has a fairly low formation energy and V O has a very large formation energy of 6.05 eV. At the Si/SiO 2 interface, V O is now a lower cost defect, but it still costs 1.4 eV. GeO 2 is different. At the GeO 2 surface, O i is low cost, at ~0.5 eV and V O costs 3.16 eV, but at the Ge/GeO 2 interface V O is very low cost at only 0.14 eV, much lower than at Si/SiO 2 .
Under diffusing conditions, the oxygen flux J across a layer is given by
where the concentration of species i c i = c 0 exp (-E form,i /kT). The flux must be the same across the whole film. This equation can describe two situations for GeO 2 . In condition 1, the quiescent state, the low cost of V O at the Ge/GeO 2 interface dominates, and the μ(O) of O-poor condition spreads across most of the film to near the surface, and then changes quickly to the O-rich condition very close to the surface, Fig. 4(a) . μ(O) changes from fully O-rich to O-poor across the film thickness, and the main change occurs over a fraction (kT/∆μ) of this thickness below the surface.
In condition 2, corresponding to oxidation, the O-rich condition spreads from the GeO 2 surface down through most of the film to the Ge/GeO 2 interface. This causes the O flux to be carried by the O interstitial. μ(O) then rapidly falls very close to the interface, Fig 4(a) , V O then becomes the flux carrier, formally across the last atomic layer, and the sharp decrease in μ(O) occurs to create a large concentration gradient to force the same flux to be carried by V O .
The difference of V O between SiO 2 and GeO 2 arises as follows. Making a V O leaves two dangling bonds on the adjacent Si or Ge sites. These sites rebond into Si-Si or Ge-Ge bonds. The formation energy of a O vacancy is very large in SiO 2 even after the rebonding (6.05 eV) in the O rich condition, because of the large cost of breaking Si-O bonds. It is less in GeO 2 (3.16 eV) because the Ge-O bond is weaker. (Table 1) . Furthermore, the migration barrier for the O vacancy is very high in SiO 2 , at 4.28 eV, and is much less in GeO 2 , at 1.71 eV. The migration energy largely consists of undoing the reconstruction of the vacancy into a Si-Si or Ge-Ge bond.
A final detail about defects is the valence alternation pair (VAP). This consists of a positively charged 3-fold O site, and a negatively charged 3-fold Ge site. These sites have been seen in simulations of a-GeO 2 and a-SiO 2 [29, 30] . Briefly, they are O-deficiency defects created from O vacancies. Their formation energy is greater than the vacancy, but their migration energy is much lower than for the vacancy, Table 1 . They are relevant to other processes in these oxides.
Thus, in summary, the main diffusing species changes from the interstitial O 2 * molecule in SiO 2 to the lattice O interstitial in a-GeO 2 . This is largely due to the smaller O bond angle in GeO 2 , meaning fewer high order rings, and this less ability for its network to dilate around the O 2 * to allow it to lower its migration energy, unlike in a-SiO 2 . This is consistent with isotopic tracer results. The O lattice interstitial dominates O O vacancy diffusion in a-GeO 2 because this becomes O-poor only very close to the Ge/GeO 2 interface under oxidizing conditions. The authors thank EPSRC grant EP/M009297 for funding. 
